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THE ELECTROMAGNETIC VELOCITY GAGE AND

APPLICATIONS TO THE MEASUREMENT OF PARTICLE VELOCITY IN PMMA

by:

David J. Edwards

John 0. Er'.rman

Sigmund J Jacobs

ABSTRACT: The electrom agnetic velocity (EMV) gage w.s used to
investigate particle velocity vs. time and peak particle velocity
vs. distance at several points in PMMA (polymethylmethacrylate)
in the donor-gap arrangement of the NOL Large Scale Gap Test. The
results obtained by the method agree favorably with previously
measured peak particle velocities for gap distances from the HE-
PMMA interface between 10 and 25 mm. At cicser distances the
particle velocity-time records are in good relp4-ive agreeuent with
one dimensional hydrodynamic computations. The values of peak
particle velocity found for distances less than 5 mm are-not in
agreement with the previous extrapolation to zero gap of the
earlier data obtained for gaps 10 mm. Consequently, a new tenta-
tive calibration for the close-in distance is presented. The study
encounter-d a number of recording problems; noise in the records
and poor system response. Sceps taken to eliminate the Aoise and
to improve the recording response are outlined. Alslo rscussed
are the theoretical behavio- of the gage, factors influencing system
rezponse, and comoarison cf real with predicted response. It was
concluded that the ErW gage is a convenient and useful tool for
measuring particle velocity vs. time in non-conducting or weakly
conducting media.
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THE ELECTROMAGNETIC VELOCITY GAGE AND APPLICATIONS TO THE MEASURE-
MENT OF PARTICLE VELOCITY IN PMMA

The work described in this report was carried out under Tas]k' I'-59,
Tri.nsition front Deflagration to Detonation, of NOL's Indepe'dent
Research Program. It is of importance to the effective use --,f
explosives.

The work described is a study of an electromagnetic technique
previously described in Russian reports for application to the
measurement of particle velocity in detonating explosivea and in
shocks produced in non-conductors by explosives. Applications
of this technique in this area of research has been largely over-
looked in this country. Therefore, this study was undertaken at
NOL to find out how precise and how useful the method might be.
The results of this study confirm the Russian claims that the
method is a valid approach to the study of shock waves and detona-
tion waves. Reported are some results obtained with the Large
Scale Gap Test used at NOL for the evaluation of the shock sensi-
tivity of condensed explosives. It has been demonstrated that the
calibration of the test must be revised for small gaps. The results
of a previous calibration are, however, found to be satisfactory
in the gap range usually encountered in sensitivity testing. An
abbreviated version of this report was accepted for presentation
at the 5th Symposium (International) on Detonation, Pasadena,
California, 18-21 August 1970. The written version appears in
the preprints of that symposium.

The identification of commercial materials implies no endorsement
or criticism by the U. S. Naval Ordnance Laboratory.
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I. INTRODUCTION

A promising technique for the absolute meaeurement of particle
velocity as a function of time in high amplitude shocks anu detc'na-
tions known as the elactromacgnetic meth.,d was introduced into the
scientific literature by Zaitzev, Pokh-,l, and Shvedov! in 1960. In
principle thie method is a direct application of the Faraday law of
electromagnetic induction. Simrply statedi, a measurement of particle
vrelocity in a non-conducting, dense, fluid-like medium can be
obtained f.zom the ertf developed across a thin metal foil or ribbon
of known length moving with the fluid in a reagnetic field of k-nown
strength oriented normal to the direction of the ribbon and the
direction of the motion. wThen the foil length is -1 cm, the field
strength is H gaussl,and the velocity o- the ribbon is equal to the
flow velocity u in rnm/usec, the generated emf in volts is given by

-3
V =10- H .5 u (IU

Electromagnetic vclocity (EMV) gages constructed on the above
principle have, in recent years, been one of the basic instru-
mental techniques for a number of Papers gn shock wave and detona-
tion wave flow and pressure determination-1 3. EXcept for four
papers the work is all of Russian origin.,and most of these are by
Dremin or bis associates. The Russian applications of the method
are of consideranle importance to the study of explosives behavior.
For example, the results reported cn reaction zone length and
detonation pressure raise the question of misinterpretationi of free2
surface velocity measurements by American researchers. In particu-
lar Drernin. et allO have re~rorted C-J pressures for Composition B
which are about 10% lower than the findings of Duff14 andricf
Deal1 5. Dremin has argued that these workers selezcted the incrorrect
point irt the observed free surface velocity vs. distance curva as
the value to be related to the C-J point. The w-ork of Lcemin
stronyly suggests, in agreement with Petrone's argurihentsl 6 , thlat
Craig 7 may ;also have chosen a hi~h value for the C-J pressure fc~r
TNT and nitromnethane. The "failure" of the C-JT tCheory suggeeted
by Davis, e~t al'8 may, in f~act, b~e an error of interpretation of
observations on free surface velocities. Furt's-r study, with the
magnetic meiihod for support, may be atle to c-arify the point of
disagreement.
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There is enough evidence in the Russian work to make it clear
that the EMV gage could be a powerful tool for the solution of
many problems in explosives. The fact that it gives particle
velocity directly as a function of time is sufficient reason for
giving the method serieos consideration. The free surface velocity
methods, by contrast, measure distance and time. Theie x-t dta
yield only the initial value of particle velocity, not u(t).
Another approximately direct method for determining ahock wave
particle velocity is the quartz gage. This ivethod is not useful
above 50 kb in quartz; moreover, it requires conversion of data
through assumed impedance relationships. Other known gages used
for shock pressure (and hence particle velocity) measurement are
of the indirect type requiring pressure calibration with known
experimental pressures. They are Lherefore less suitable for
precise experimentation.

In 1966, after a brief paper study, 19 it was suggested that
NOL undertake to check out the method with a system for which data
were already available for -omparison of results. The HE donor
PMMA gap material of the NO> Large Scale Gap Test (LSGT) provides
such a system. Consisting of a tetryl donor charge of 5-cm diameter,
5-cm length, and a 7MMA (Plexiglas) gap of variable length, this
system has been calibrated by Price and Liddiard 2 0, 2 1 to obtain
peak pressure as a function of PM". tAckness. In the latter work,free surface velocity measurements were made with a smear and a
framing camera. By use of the usually accepted approximation that
particle velocity is half the free surface velocity, data are
available on peak particle welocity over the range 0.10 to 1.42
mm/usec (PMMA gaps, defined by X, >10 mm). The system is small
enough to employ the EMV gage method with a moderate size magnet
having a pole face spacing of 8-10 cm. Since the EMV method
permitted studies in PMMA to be made closer tO the HE interfacethan reported in reference (21), measurements were made over therange X = 0.25 to 25 mm from the HE-PMMA interface.

It was decided, in advance, that an initial test should be
made on in inert plastic rather than an explosive in order to avoid
a possible error in the measurement which could arise from the
conduction of the moving particles in a detonation. PMMA is inett
in the sense that it does not become conducting under shock, but
it happens to generate a piezoelectric (PE) signal under shock.0,23,24
in practice the PE signal appears to cancel in the EMV gage arrange-
ment and cause no trouble. Noise which was apparently due to the
detonating explosive was observed on the records. We were able to
minimize this siTial h changes in the exper-mental set-up and by
increasing the field from 400 gauss to ?bouZ 1400 gauss. With
these changes, agreement with the peak particle velocity results
of Price and Iiddiard was obtained to between 2 and 4%. At
present we are not sure which experiment is the more accurate.
in addition, the particle velocity as a function of time was ob-
:ained for all FYI'V shots.

2
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In the Russian work cited, the rise-time for an experiment
was quoted to be 60 to 100 nanoseconds with very little rounding
off of the front of the recorded signal. (The term "rise time"
appears to be a matter of translation from the Russian. The time
refere nced is probably time to maximum response.) Some of our
earlier records, however, had much longer time to maximum (200-300
no). Severe round-off of the signal affected our results at dis-
tancea where the effects of the reaction zone and the steeply
decaying Taylor wave of the explosive were still apparent in the
PMMA C < 4 mm). Our results at X = 4 mm and larger were not
affected because the above interactions had vanished and the particle
velocity vs. time fall-off was essentially linear. The rounding-off
was found to be a result of circuitry. Thiv problem has been
corrected insofar as possible !s will be discussed in Section V.
The time to maximum Zor our best recording set-up is now as short
as 20 to 40 na.

Thic report discusses (a) the experimental donor-gap set-up;
(b) the ENV gage method and how it is experimentally incorporated
into the experiment; (c) reccrdina problems; (d) the results of
our measurements; and (e) comparisons with other related work.

3
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II. THE EXPERT-MENTAL SET'-UP

A. Charge-PMMA Ccn:,igratiori

For all experiments the explosive charge and PMM. gap arrange-
ent Fig. 1, was that used by Liddiard and Price,2 0 2 the

arran~gement of the SOL standard Large Scale Gap Test,, The donor
explosive was a cylinder of craphited tetryl. 5.08 cm di.z-meter by
5.08 cm long. The explosive is a pressed charge at a density of
1.51 ± 0.01 gim/Cc. Its measured detonation velocity is -7.2 mm,/vsec.
in this work the tetryl was poiit initiated by using a primacord
lead (120 grain./foot, RDX) 30 cm long initiated by an SE-l detonator.
The detonator..Which is of the high voltage PETN exploding br-idge
wire (EBW) type wae used for reaso~ns of safety in the presence of
the relatively sigh magnetic fields. The pr-,.macord lead in tyien
u.sed to isolate the fTharge anid prevent possible stray pick-uip in
the DV aqe due to the electrical signal from the firing unit.
All PMMA samples which determine the gap betwelen the HE and the
ga~ge were machined from cast FMMA rods of 5.08 diameter and of
length, xv, from 0.25 to 25 mm. The density of the PMMA is 1.18
±0.01 gm,'cc. The Hug~niot U-u for the PMMA at 'J > 0.5 inmAisec

ta*; n from previous work2 0 is

VT 2.56 + 1.61 u2

whez'e U and u are respectlivc-ly the shock and particle velocity in
mm/usec. The Hugorniot pressure (in kilobara) can then be ob-
tained from the momnentumr conservati(:n relationt

~=l0.UusQ0  3)

The EMV gag(c cnnsistn of a rcect~inriulaz 'Loop of alumrinum foil
0.013 al-m (0.5 mils) 'hick and 2 inm wide. It is mounted in a PMA
back-up assembly whose thickness F is 12.7 mmn, see Fig. 1. The
volltage is Sznarated when the base of t-he gage moves in a m~agnetic
field. The length of the base, i, is determined by the width (5 or4
10 mm, of piece A in the experimental set-v~p shown in Fig. lh.
The assembly of the back-up isa made by cement:ing two blocks B~ to
the spacer block A by softening the !PMMA surfaces witIV chloroform.,

44
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after which they are O:amped tooehradsmlryc~rtdt h
cap section C and held until the bond hardens. Care is taken to.
eliminate air bubles, especially in the vicinity of the pick-up.
The g&ge circuit is completed by connecting the foil leads (32-34 inm~
length) to a coaxial Line (RG58C/U, nominal impedanCe of 50 Ohms),
Some of the shots had a 50 ohm resistor in series with the foil;
this will be discusscd fully in Sect~on IV. The ionization switch
to trigger the scope, shown in Fig. 1, consisted of two strips of
aluminum foil placed about 3 mm apart on the explosive charge about
25 mm below the PMMA interface. The -rigger signal is fed to the
oscilloscope on a coaxial line.

A oaffle, shown in Flig . 1, was located in the planie of the HE-
PMNA interface. It consisted of a 7.5 cm sqwire piece of al'vninum,
0.64 mm thick, with a 5.08 cm circular cut.-out. The significance
of this baffle wili be discussed in Section I:V-C.

B. Magnetsx

Two magnet arrangements were used in the experiments. Duitially
Helmholtz coils of nominal diameter 24 cm spaced 12 cm apart and
having 400 turns of No. 16 wire were used. These with the avnAlablP
power supplies 12 amps in each coil) give a uniform field of 3bc1ut
300 gauss at the center of symmetry. An iron core magnet was
later used to obtain a larger field (approximiately 1400~ gauss,
maximum), see Fig. 2. This magnet has circular pole faces of 1'.. cm
diameter spaced 8-4-0 cm apart. The field uniformity in the vicinit;y
of the mid-plane as measured at a lower field strength is -'0.6%.
The m~agnet was not severely damaged in the experiments and could be
used repeatedly. A field calibration was made before each experivient.
The pole laces were protected by 1/4 inch wood baffles. These
baffles not only protected the pol-e faces from damag~e frort) thii&
blast but also prevented undesirable stray fields which are other-
wise generated when the cond-ucting air shock m~oving in the magnetic
field strikes the condiqcting pole faces.
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III. THE ELECTROMAGIFETIC VELOCITY GAGE METROD

A. Theory

A general description of the EMV gage method and its. instru-
mentation requairements has been described in cited reports. Refer-
ence 19 summarized this infori- tion. We will discuss here the
background information which is needed for thn description of
the present experiments. First, we note that the gage circuit is
a single turn rectangular loop of conducting foil closed by a
resistance R (Fig. 3). R may be the characteristic impedance of
a coaxial line which connects the loop t: an oscilloscope. (The
line is terminated at the far end by an equal resistance.) When
a series resistor is employed. R is the sum of its resistance,
the characteristic resistance of the terminated line, and the
resistance of the terminator. By Faraday's law of induction,
there will be an emf generated across R whenever the magnetic
flux within the loop is changed, that is

V = -df/dt (4)

where f is given by the scalar product

A= . (5)
I

H being the magnetic field strength and A the cross sectional
area enclosed by the loop. When H is constant and normal to the
plane of the loop, changes in $ arise only from changes in A.
If one side (the base) of the loop is m"ved normal to itself
thvs reducing A, Eq. (4) reduces to Eq. (1) (see also Fig. 3b).
Precige-ly speaking, then, the method applied to shock particle
velocity measurement requires the followinq conditions to be satis-
tied:

(a) the gage b,e of length I must move with the (parallel)
flo,' Y.n the system in % direction normal to the field and

(b) to prevent additional voltages from being generated all
other parts of the loop must either remain stationary or move in
such a way that they do not cut the field. That is, the two arms
connecting to ti>,:t base can move in the direction of the flow, i.e.,contract, without modifying the voltagi (Fig. 3a).

6
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'rese conditions underlie the statement that the shock wave

should be plane and move normal to the field; the EMV gage base
shouId be parallel to the shock front and normal to the field;
,nd the connecting leads should be normal to the shock front. We
shculd point out here that the discussion of the gage in terms of
a loop helps in the consideration cf background noise. If, for
example, the explosion causes any asymmetric flew of electrons or
ions., the flow could generate magnetic fields which alter . This
would be picked up by the loop. Signals of this type could be
ininirrized by making the loop as small as possible.

An idea of what happens when the end of a loop is intercepted
by a divergent shock is shown in Fig. 3c. First the curved shock
intercepts the iAdpoint of the gage base setting it into motion;
after a time given approximately by

r 21/(8 • r . U) (6)

where U is the shock velocity and r is the radius of curvature
of the shock front, the ends of theogage begin to move. When the
shoak has passed to r > r , we can assume the gage ends to have
moved on radial lines frog b to b' and from c to ',. The leads,
though perhaps not displaced exactly as shown, wil. nevertheless
be displaced approxima;ely to ab' and dc'. Thus, the reduction
in area of the loop will be slightly less tha that which would
have occurred in a plane flow; an underestimation o" the velocity
results. If r0 is large, however, compared to f and all measure-
ments are made while r - r is small compiAed to i the error in
assuming dA/dt a u will b small. The error in dA can be esti-
mated and P correction made if desired. we have neglected the
correction in this report.

B. Factors Influencing i loscope Measurements

Given an ideal situation where the medium is non-conducting
and not generating s~arious signals as a result of shock polari-
zation or other catses there still remain at least 5 specific
factors which can lead to records which do not faithfully repro-
duce the flow in the medium. These are:

1a) ave frorit c, iVaLu-e as just discussed,
(b) Shock impedance mismatch between the sensing foil and

the medium,
(c) Inherent response or rise-time from the oscilloscope,
(d) Wave front tilt, and
(e) Electrical impedance mismatch between the coaxial line

and the oscilloscope or the magnetic loop.

These factors pertain chiefly to the response of the system in
the time period shortly after shock arrival at the base of the
gage.

7fi
S
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In principle the coaxial llne presents a resistive load R to
the magnetic loop. If the line is then properly terminated at
the scope (with a resistanc. equal to Rc) no response error should
be introduced by the line. The line would merely delay the
recording signal. In practice it was found on a high frequency
response oscilloscope that simple termination at the oscilloscope
cannot be realized. The internal characteristics of the oscillo-
scope led to a reflection of part of the initial signal which
showed up as a "ringing" on the oscilloscope trace. As a conse-
quence the resistance R1 of Fig. 3a was added to reduce the ringing
when this oscilloscope was used. No ringing was seen when the
]cewr frequency response oscilloscopes were used. Details con-
cerning the method of selecting R1 are discuszed in Section IV.

In the consideration of the effect of electronic circuit
elements on the response signal recorded on an oscillograph it
is customary to assign a rise-time to each circuit element (in-
cluding the oscilloscope). An accepted definition of rise-time
T is the time for the response from a square-step input -co rise
from 10% to 9C% of maximum response amplitude. For a simple RC
circuit (shunt capacitance) the rise time so defined is 2.20
times the circuit time constant, T = R • C. When several circuits
are used there is a convenient approximation for the overall rise
time, To, in terms of the rise times of individual elements,
Ti, which is

T = (Ti 2/27)

In many shock measuring problems the expected wave-form is
far from a square step. The particle velocity is like a step jump
followed by a linear or exponential decay. The response to such
a wave-form will be a record with rounding at the top of the trace
having a time to maximum which will depend on the effective T or
To of the measuring system and on the rate of decay of the flow
in the medium being studied.

An example of the response of an oscillograph to an expo-
nentially decaying input function has been given by Cole 25 in
conr--+ ion with the problem of measuring underwater shocks with
a piezoelectric gage. The response to a triangular input when

has been worked out in Appendix A for several decay rates. Times
to maximum Tmax range from 2.5 T to about 5 (1 - 2 To) and
times to approximately linear response Tlin run about 4.5 T [2 TO).

To check on Eq. (7) the problem of square-wave response with
2 time constants has been solved for several cases (time constants
in the ratio 0-l ':o 2). The result agrees only Cualitatively
with Eq. (7), but indicate that Eq. (7) i; sufficiently good for
purposes of estim.,ting. The solution ii !ier in Appendix B.

8
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In the present work three of the sources of response error
are non-electrical elements. For each of these we must estimate
a time Ti from 10% to 90% of maximum response to be used in Eq. (7)
for an overall response estimate. The time at which 90% of the
gage would be set into motion, in the absence of inertial effects
is seen from Eq. (6) to be 0.81 -. We therefore define Ti as
0.8 rc as sufficiently close for the wavefront curvatuxe rise time.
The effect of wave front tilt would be treated in a similar manner
if we had some basis for determining the tilt. in our work, this
information iE lacking ana no a priori tilt effect on rise is
possible. TM effect of shock impedance mismatch between the
medium and the foil can be given a rise-time value T 2 by consider-
ing the motion of a foil subjected to a square-step shock in the
medium. It sbouid be _ufficiently accurate for this purpose to
use a linear approximation to establish the time it takes to get
the foil up to 90% of the velocity of the medium. Figure 4 shows
the p-u states which will be obtained for PMMA and aluminum (assumed
impe~-ance= 5 an. 16 The result gives an estimate
of 2 double transit times in the aluminum (at about 6 mmiAsec) to
reach (in fact, to exceed) 90% of the velocity of the medium. Two
double transits are therefore used as the effective acceleration

rise-time T2. Estimates of overall rise-time for our experimental
set-ups are gi'ren in Section IV-D.

9
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IV. RECORDING INSTRUMENTATION, NOISE, RESPONSE, AND

REPRODUCIBILITY OF RECORDS

Notwithstanding the fact that Russian workers have written
numerous reports on the EMV gage method, they have given very
little information about details of the instrumentatior which
they used. we have found but one statement to the effect that
the rise-time was about 100 ns. At first sight the recording
problem appeared to be straightforward and simple. When we
started to make measurements, however, we found ourselves con-
fronted with a number of problems which had to be solved before
good records could be obtained. In this section the recording
Problemb are discussed. The instrumentation and oscilloscope
arrangements are first outlined to clarify the discussicn.

A. Oscilloscope Arrangements

In the course of the work it was found necessary to make
chane in the oscilloscope set-up to improve on the records.
We stazred the study with two Hewlett-Packard Model 160 oscillo-
scopes having frequency response of 14 MHz (rise-time = 25 ns).
These were connected in parallel with 2 feet of coaxial cable
between the oscilloscopes. A Tektronix Model 011-49 50 ohm
terminator was then connected to the last oscilloscope. We will
refer to this set-up as Arrangement A. Because of the inability
to obtain the expected response after many trials with this set-up
one of the oscilloscopes was removed for a few experiments. The
remaining oscilloscope was terminated as before. This is referred
to as Arrangement B. To further improve on the response of the
system a faster oscilloscope, a Tektronix Model 454, having a
frequency response of 150 MHz (rise-time - 2_A na) was acquired.
Used with the terminator of Arrangement B, this is called Arrange-
ment C. In both Arrangements A and B the trigger signal for the
oscilloscopes was obtained from the shorting of the 4 nitin
switch Located on the tetryl charge, Fig. 1, ccnnected by a coaxial
line to the trigger pulser and the oscilloscopes. The trigger
signal to the oscilloscopes was 30 volts obtained by a capacitor
discharge in the pulser. The pulser was unnecessary for Arrange-
ment C because the Tektronix oscilloscope contains an in-ernal
trigger with sufficient built in delay for the gage signal to be
reccrded.

10
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In the case of Arrangements A and B the gac- was connected
directly to the 15 foot coaxial line to the oscilloscopes. When
Arrangement C was first used it was found that a high frequency
ringing appeared in the oscilloscone trace. This was traced to
a small internal mismatch of impedance between the gage and the
terminated line. This mismatch may have been present in the H-P
oscilloscopes yet remain undetected because of the poorer response
in those oscilloscopes. The ringing in the Tektronix application
lasted about 80 ns (about 3 double transit times of the coaxial
line). It was reduced to an acceptably low level by inserting a
resistor R1 in series with the gage at the gage end of the line,
see Fig. 3a. The best value for R1 was very close to the charac-
teristic impedance of the cable, 50 ohms. It was checked by use
at a H-P Model 1415A Time Domain Reflectometer with the gage in
the circuit. With Pl in the circuit, the gage output is reduced
at the scope in the ratio R/(R + Rl), R being the value of the
terminating resistance at the oscilloscope.

B. Calibration Procedure

Voltage and time calibration marks were placed on all oscillo-
scope records. Voltage calibration was obtained by using a con-
stant voltage generator, the output of which was measured with a
Fairchild Model 7050 Digital Multimeter which has an accuracy of
±0.1%. Because of the high impedance of the generator (about
1 kohm/volt) the low impedanc coaxial line and termination was
removed during oscilloscope caiibration. Time calibration was
obtained from a crystal controlled time mark generator (Tektronix
Model 180A). The magnetic field was measured with a Rawson-Lush
type 824 rotating coil gaussmeter which has a calibration accuracy
of ±1%. The magnets were energized by either a Perkins Model TV
R 040-15 power supply with a maximum output of 45 volts -nd 13 amps.
or by an ERA Magnitran, Model TR 36-8NL supply rated at 36 volts,
8 amps. Both these supplies were of the constant voltage type so
there was no compensation f'-:7 change of resistance and current as
the coils became heztca when energized. Error was minimized by
taking flux reading in as short a time as possible and then shutting
off the power, For the same reason, the power was again turned
on only a few seconds prior to the shot. The constant voltage
supply is not desirable and a constant current supply has been
obtained so that the field can be controlled and measured morp
accurately.

The first step in preparing an experiment was to measure the
maqnetic field at the central point of the magnet where the EMV
gage would be located. with the power to the magnet turned off
the explosive charge was then placed in position and the detonator
was connected. Current to the magnet was then restored to the

original value and the standard firing procedure for firing ex-
plosive charges was followed.
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C. Noise Elimination

The first source of noise anticipated in the records was
electrical pick-up from the detonator firing circuit. The EBW
detonator requires a large firing power supply; 6 microfarads
charged to 2,500 volts. To eliminate the possibility of picking
up noise from this large energy sour.e the detonator was decoupled
from the main chargc by a primacord lead of sufficient length,
30 cm, Lo permit the electric field to dissipate before the event
to be recorded took place.

Unanticipated noise in preliminary tiial> with Arrangemcnt A
was thought to be due to a magnetic signal generate. by the air
shock and explosive product gases from the tetryl booster mcving
outward and along the PMMA surface. To track down the source of
this spurious signal, shots were fired with the same set-up as for
velocity neasurement but without energizing the magnet. The result
was a 40 mv signal when the sensing base of the gage was at 19 vnmx
from the HE-PMMA interface (see arrow on Fig. 5a). A 3^affle as
shown in Fig. 1 was then tried. The resulting signal was still too
large though somewhat reduced. Grounding the Laffle to the trigger
line shield reduced the noise to 2 mv (see arrow in Fig. 5b). j
Although the exact reason for the spurious signal is not clearly
known, the signal was reduced to ai, acceptable level. Use of the
grounded baffle became standard procedure, and the spurious signal
has thereby appeared to be under control in all the work on PMMA
which followed.

D. Measuring System Response •i

Section III-B outlined a procedure for estimating the overall
rine time of the sy'stem consisting of the gage and the scope.
Estimated numbers for the components in our experiments have bee.i
used to obtain predictions of response times. These are listed in
Table I together with the input values used for the calculations
based on Eq. (7). The effect of tilt of the shock wave relative
to the base of the gage has not been determined yet and therefore
is omitted. The results indicate that the time to maximum in the
records for Arxangements A and B with a gage base length of 10 mm
should be about 63 ns. with a fast oscilloscope, Arrangement C,
and a 5 mn base length the predicted time to maximum is of the
order of 17 a6 . ,Copar ocn -..actu.al exrwrmental values Are
discussed below.

Arranerment A - The original oscilloscope set-i.p produced
records which showed severe round-off in the region of maximum
response. The time, Tmax , w3s typically about 140 ns for a gage
base length of 5 mm. Thi- is about_ three times as great as the
estimate of about 50 na. it was guessed that the trouble could
have arisen from improper impedance match'ng of the scopes to the
line. (In principle, the mode of connecticn appeared correct.) The
apparent u-t curves obtained by converting the voltages to velocity
are plotted in Fig. G. 12

F1

I
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Arrangement B - This ,as used for the purpose of checking on
the two-oscilloscope set-up above. This arrangement produced
traces with TMIx much closer to predicted values: 50 to 64 ns for
the 5 mm base length. This agreement with the prediction is better
than expected in view of possible errors in the rise time estimates.
The improvement over Arrangement A suggests that the trouble with
the original system was mismatch of the oscilloscopes to the coaxial
line. The u-t curves for the Arrangement B set-up are plotted in
Fig. 7.

Arrangement C - This is the most desirable oscilloscope set-up.
It was not available when the experiments were started. The
entries in Table I for this oscilloscope set-u sho4 that the
oscilloscope is no longer the critical factor for determining the
rise time. In these experiments it is either wave front curva-
ture or transit time for accelerating the foil, For a plane wave
boostered experiment, it would be the foil acceleration time. The
values found for Tmax for a 5 mm base length are 20-31 ns. These
numbers are not in good agreement with the calculated value, 17 ns.
Wave tilt, if present, could probably account for the discrepancy.
Tilt effect, however, should not be present on all records. Typical
reduced records of u v8 t a:e plotted in Fig. 7.

Examples of the oscillograms obtained with the three arrange-
ments are shown in Fig. 8. The curves of Figs. 6 nd 7 are dis-
cussed more fully in the following section.

The results of the response checks on the oscilloscope systems
indicate that our best set-up, Arrangement C, is incapable of
resolving data on particle velocity for times <3C ns. If the
velocity is close to linear in the time for about 100 to 200 ns
thereafter, then it is possible to extrapolate back to zero time
to olotain a pretty good value for the initial particle velocity.
If foils of thickness much greater than 13 microns are requized,
the resolution will 3uffer even if the shock wave is plane. In
t'hese experiments the particle velocity vs time is fairly linear
when the thicknez of PMMA exceeds 5 mm. Thus, for X > 5 mm the
results on initial particle velocity obtained even with the poorer
oscilloscopes are still expected to be quite precise.

E. Reproducibility of Recorde

Of a total of 44 experimentt to measure particle velocity by
the EMV qge, about 30 resulted in usable records which have been
analyzed to obtain initial particle velocity. Records from some
experiments were not usable for the following re-aons:

Loss of voltage calibration I record
Loss of record 4 records
Excessive rinjing in recoid 9 records

13
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It is of some interest that no records were lost because -i
breakage of the foil in the gage itaelf. (We may have hF.d cases
of loss of response due to oil breaks at times greater than
lusec.) Most of the records lost due to ringing were on pre-
liminary tests with the Tektronix oscilloscope xiade before the
impedance mismatch at the oscilloscope was understood and a cure
found for it, The above box xcore can be taken as an indication
that, with expericnce, one should be able to attain a high per-
centage of successful experinments. In the recording of particle
velocity within a PMMA sample with time base exceeding the time
for the shock to reach the free surface, it was invariably found
that the record went astray at the time the shock reached the
surface. This is illustrated in Fig. 8a and a record is to be
discussed later.

In Fig. 9 some of the u-t traces frgm Figs. 6 and 7 have been
combined to illustrate the kind of reproducibility obtained in
duplication of records at several given distance,, X, frcm the HE
interface. Unfortunately most of these duplications were obtained
with the inferior oscilloscope arrangement. At X = 20 iam there
is one good check between two records, one with Arrangerment A and
one with Arrangement C. For the comparative records (Arrangement A)
it can be said that agreement is good after 400 ns. There is
a fairrly large scatter in rise time between records; consequently,
in these early times reproducibility is poor. Those records which
exhibit faster rise are taken to be the most reliable. In the
Arrangement A it is unlikely that the differences in rise time can
be attributed to tilt of the shock wave relative to tha base of
the gage. It can be noted that in spite of the poor response the
records extrapolated quite closely to the same initial value of
u for a given value of X and that the slopes after 500 ns are
reproduced quite satisfactorily.

The lack of reproducibility of structure in the records taken
with Arrangement A prompted a careful examination cf all records
available from Arrangement C. We found that two records, r..jected
for analysis because of zinging, contained useful ii.formation on
reproducibility of the shape of the recorded wave. These records,
shots number 92 and 97, were taken at X = 0.86 mm with a base
lenrth of 5 mm. Recording time exceeded 2 usec on both records.
The records are reproduced in Figs. 10a and 10b. (Shot 92 was
...... 0c L..Vn .Wyte whch was tousng demonst.
it had a stated rise time of 7 ns.) The ringing in these records
Is confined to the initial rise and to two or three limited periods

later in the records. T..e tiaes at which rinring appeared on both
records were the same. It is fairly well known that ringing can
be excited in an undamped circuit when the input signal breaks
sharply from one slope to another. It appeared, therefore, that
both records were exhibiting sharp change in slope at times of
about 300, 600, and 1100 ns. To verify this conclusion another
shot was fire6 with Arrangement C taking all possible precautions
to obtain good t.rmination of the coaxial line. This record,

14
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numberl83, is reproduced in Fig. 10c. Note that Fig. 8c show;s a
record shot 10 made with a shorter time base under the same
conditions, The four records taken with the fast oscilloscopes
and one under similar conditions with the slow rise oscilloscope
have been reduced to u-t plots which are shown in Fig. 11. The
curves have been displaced relative to each other so that they
can be more easily compared. We note that shots 97 and 92 agree
in shape ont to a time of 1.2 1.sec though shot 97 is low by about
10%. The latest record, number 163, agrees in shape and amplitude
with number 92 to 1.3 tsec insofar as the latter can be measured.
The slopes of the traces beyond 1.2 psec differ so that we are
left in doubt as to which is the more correct. We are now of the
opinion, in view of the agreement of trace shapes, that there was
a calibration error in shot 97. Shot 163 can be interpreted as
having breaks in the curve at times about 260, 660, and 1330 ns.
These breaks are more or less confirmed by he other records; the
List time is closer to 1100 or 1200 on the earlier records. In
ohot 108 we note that a ringing signal is evident, starting at
about 260 ns. This can be interpreted as evidence of a break in
slope. The time is that for the first break in shot 183. Although
these are not perfect examples, we believe they demonstrate that
it is possible to refine the EMV method to give us a useful tool
for the measurement of particle velocity as a function of time in
this non-conducting medium. The intermediate lower slope in the
record at X = 0.86 mm between 660 and 1330 ns gives reason to
believe that the observed concave downward shape of a few of the
previous records is, indeed, real. The downward inflection of
curve 3 in Fig. 6 appeared to be erroneous when it was first plotted.
The normally accepted picture of the particle velocity-time curve
in an explosive driven shock is that the u-t curve would be concave
upward. When we note that the inflection at about 800 ns in Fiq.
6c is at a particle velocity of about 1.4 mm/isec, we see that the
800 ns inflection relates satisfactorily to the 1300 ns inflection
for X = 0.86 mm. Admittedly, we cannot yet explain all that we
observe in the records. The structure within the waves and how it
may develop is a problem for future consideration. in the next
section the results obtained for peak particle velocity are examined
in the context of other work.

I
I
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V. RESULJTS OF MEASUREMENTS

A. Co rsnwith Free Surface Veo~4-XMaueetX>1 .

The Donor-tWIMA system used here was previously investi-'gated
by Liddiard and Price 2 for th~e purpose of calibrating the Lai.ge
Scale Gap Test. Their measurements of free surface velocity
extandfd over the range X = 0 to 150 Mu.fl In that work the initial
particle velocity of the shock in PMMA was taken to be half the
initial free surface velocity measured at a given distance from
the H~E interf#-Ace. Our measurements were made for X >: 0.25 mm and
over.lap the earlier work in the range 10 to 25 mm-. Most of our
data in the overlap range were obtained in the early part of our
work. Although the system A-esponae at that time left much to be
desired, the rate of decay of the particle velocity was sufficiently
low and sufficiently linear that an accurate extrapolation of each
record back to the time of arrival of the shock was possible. The
extrapolation was accomplished by a straight line projection of
the essentially linear porti'nn of the curves; for Arrangement A,
this was an extrapolation of data from about 300 to 1500 ns back
to zero, the time of: the initial shock arrival at the gage. The
extrapolation amounts to about 3% and the corresponding error is
urliely to exceed 1% of the particle velocity (see curves of Fig. 6).
Table 2 gives a listing of all of the initial particle velocities
obtained in this work plus other pertinent data for- each z 4 the
experiments reported.

Comparison of the initial particle velocities obtained in
these experiments with the smoothed results reported by Liddiard

and ric 21 are given i. Table 3. The results arebs c1 m
at 20 mm we htve a spread of about 3% in our three data points
and the average is about 4% highier. At 25 ruti we are about, 3%
higher. It should he notpA tha -..- &.A t~eill-t ~A& .0 4.NJ.LI Z
with the fast response system at 20 mm. The u-t curve, shcwin in
Fig. 7, is flat out to 200 ris. The expected decay in velocity
would be about 2% in this time interval. The observed par-ticle
veloci.ty agrees very well withn the vralue extrapolated from measure-
ments of the slotwer system. ThLis agreement supports the conte.-nt-ion
that the earlier arrangemtent used for recording was adJequate to
give goodJ initial par-ticle velocities for X Z 10 mm. On the
average the agreemnent bf thle EMV method with free surface measure-
ment method for initial. particle veiocit is about 2 to 4%, about
eq~ual to the expected accuracy of either method of measurement.

16
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B3. PazticleVelocities at Shorter Run Distances

The free surface velocity measurements of Li.ddiard and Price
were li1mited by the experimental method to run distances of 10 mmn
or greater.21 The acceptable agreement of our results with
theirs at 10 to 25 mm encouraged us to use the EMV method to olntain
new data in the range 0 < X < 10 nun. This would serve to demon-
strate hoxv well the EMV method works when the particle velocities
and gradients in the u-t curves are hig'h. The first close-inI experiments were, uafort-unately, performed before w~e recognized
the importance of oscilloscope response and the effect of osc.3.lo-
scope connections to the gage on response. The first dat? are
presented here chiefly for the purpose of illustrating the problem
of system respo nse and how it affects the extrapolated observations.
When it became apparent that the system needed improvement, one
oscilloscope was eliminated from the recording system. AlthoughI this improved the response, it waa not considered good enough so
only two expeiiments were run with it. The remaining experimients
were done afte : the fastest oscilloscope was acquired.

It is clear from a look at Fig. 12, which presents all of
the extrapolations to initial particle velocity p~otted against
run distance, that the results become ver sensitive to syatein
rise time when the run dist~ance to the gage is less than about
5 mm. Linear extrapolation of late time data to shoc~k arrival
time underestimates the initial particle velocity when the rise
time is large and the run distance is short. It is clear enough
from an examination of the experimental set-up and the hydro-
dynamics related to it why this must be so. F'or a spherical deto-
nation wave in the HE there is strona rarefaction foliowina the
detonetion front, the spherical Taylor wave. The very ,.eep
initip~l gradient in the floyw will level off along any particle
pzath as time progresses. At the interface with the PtWA the
re~mlf will be a transmitted shock also foll.-Yed by ?, steep gradient
in pr :ticle velocity vs time. This gradient will dirv-* ni sh on any
parAcle path in the pMMA. When X increases, the s~eep gradient
disappears as rarefactionis overtake the shock froncL: and th~ decay
in the Taylor- wave becomes more linear. Therefore, at the larger
values of X, lirea. extrapolation to shock arrival'time will be
sufficient to predict the initial par-jcle velocity from data
taken at- fairl~y late Urntes after shock ; rival. Cloae to the HE2
iinear extrapolation will give acceptable answers only wh.-.n the ri.se
Laim uL the rec* >dikv3 system is short. In an effort to obtain a
better% feel for the rize time reqviirementa 'to 7.ec-ord a wave having
a sharp inflectio-n, ?, simplified problem on response iiaz been worked

F -out in Appendix D. l>i this problem the wave consists of- two
atraighc lines with a sharo break from the line of steeper slope
to the linp of ;Ieszer siope. It is shown that unleas the rise
time of the inhtru~e!~t system is short enough. all evidence of the
steeper slope is lost in the re-spon~se curve.

17
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Also plotted in Fig. 12 are initial particle velocities from
the free surface mcasurements previously discussed and computed
values obtained from 1-D calculations to be discussed later.

-he more precise data from this work on the initial values of
partic'e velocity vs run distance has been sunmmrized in Fig. 13.
Points are from Arrangement C for X < 10 mm and from Arrangement
A for X equal to or greater than 10 mm. The values of u for X
less than 1 to 2 mmn may be in substantial error because of recording
system response. The remaining points should be good. The initial
particle velocity is seen to be nearly linear in distance for
X> 5mm.

C. Comparison with Computer Results

Another check of the EMV gage would be a determination of the
accuracy of the particle velocity as a function of time and initial
distance from the HE interface. Lacking other experimental data
for this purpce, the recorded results have been compared with
results obtained by numerical computation. The experiment was
simulated by considering the problem of a spherical wave in the
HE intercepting the PMMA on a curved surface at a radius fiuom the
center equal to the height of the tetryl donor. The particle
velocity in PMMA was then followed as a function of distance and
time. The maximum distance used for comparison was 10 mm. The
length of the PMMA in the computation was 20 mm so that the flow
at X 10 mm would not be affected by the free surface for several
Iaec. A prior 2-D code run with the LSGT set-upi-7 showed that the
flow on the axis could be Oescribed by a I-D computation for a
distance up to 10 ma from the HE interface. Computation was
carried out with the WONDY Lagrange code published by the Sandia
Corporation;8 ,2 9 The input and other details for the calculation
are given in Appendix C. The constants chosen for the calc'uiations
introduces a rise time in the output of about 225 ns, a delay
comparable to t',e rise time of re'cording Arrangement A. Compara--
tive u-t curves fo- four initial values of X are given in Fig. 14.
It should be pointed out that the computer code does not simulate
a reaction zone. Zero times for both experiment and computation
are the times of initial shock a-rival. Computed particle velo-
cities are on the particle path. If one takes the zero time for the

n~~r~n4,.-. - - 4-4W - -1~W 4*1 -an ---e ,'. nn r %A L. . % 1 A . -nL.. 1...

have to be shifted to the right to compensate foz the neglect cf
the reaction zone. This shift would then require a small change
in the C-T pressure in the HE to obtain a better overall fit to
the experimental data. Neglecting these refirienrnts is unlikely
to introduce an ar-reciable error in the slopes of the computed
curves. It can be seen that the slopes and relative magnitudes of
the curves for each va-ue of X are in good agreement. except for
the curves for X = 2 =,. in this case the rise time of the experi-
ment is less than the rise time of the computaticn In addition,
the experiment at this distance is undoubtedly affected by the
presence of the reaction zone in the HE. The higher particle

ia



NOLTR 70-79

velocity observed in the experiment is, therefore, plausible dnd
probably the more correct value. On the whole we believe that
the comparison with the calculation leads to the conclu3ion that
the EMV gage can measure particle velocity on a particle path
with good accuracy.

D. Shock Pressure vs Distance in the Large Scale Gap Test

The EMV measurements of particle velocity provide an independent
calibration of the LSGT peak pressure vs distance. Figure 15 shows
the result obtained by using Eqs. (2) and (3) to define the pressure.
For comparison the results of the previous calibration20 have also
been plotted. The calculated peak pressure from the calculation
are also shown. It may be noted that the results of free surface
velocity measurements and our results are in good agreement for
X > 10 mm. The earlier work differs significantly from ours for
X < 10 mm. The agreement of the EMV calibration with the calcula-
tion is somewhat better than with the result of the previous
calibration. The reason fo: the differences -an be explained. In
the previous work 2 0 the initial pressure in the PMM4A at X = 0 was
computed from the detonation pressure in tetl:yl, 195 kbars, and
the impedance of the HE and the PMMLA giving a pressure of 155 kbars
in the PMMA. A greater pressure should have resulted if the effects
of the von Neumann spike and the reaction zone w:ee tiken into
account. A smooth c.irve was drawn between this approximate inter-
face pressure and the data for X 10 mm without regard to the
detailed hydrodynemicE of the problem. Since most explosives deto.-
nate in the LSGT at PMMA pressures less than 80 kbars, the eiror
in the calibration at X < 10 mm would not generally be of much
practical importance.

The calculation wis started at X = 0 with the same assumed
pressure, 155 kbars as that used in the calibration and one that
is certainly too low. The computed results are therefore Ebifted
an undertermined amount from the real pressure distance curve.
(The present experimental results indicate that the pressure of
155 kbars should appear at about 1.5 mm from the interface.) If
either the free surface result of the 1-D result were fit to a
point X = 1.5 mm, P = 155 kbars the agreement with the present
EMV results would probably be improved. Although the present EMV
results probably describe the LSGT ca'ibr 7ci°cr . X < 1" -im .tt.
than any previous calibrationafew moze experiments would be useful
before the calibration is officially chinged. The resulting
Hugoniot data for PMMA using the present data is listed in Table 4.
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VI. DISC"USSION

The main interest of this study -was the development of the
experimental. method. Coneequently, the report has assumed that
the a~xpiosive is absolutely reproducible. we know this is not the
case. The la::ge number of experiments (about 45 forz u-t records.
10 for noise elimination) conducted to obtalin the desired oata wODuIO
not be required in future work. The study has demonstrated that
the EMV gage can he applied to the measurement of pa rticle -,-eilocity
vs time on a particle path with an estimated error of: abot-ut X-%
in the p~rticle velocity provided the proper, oacilloscope irvstru-
mezitation used. There is evidence in the results that relativ'e
vcilues of par't-icln velocity within a given record are somewhat
better than the absolute values.

Th,,e major problems ancountered in this woQrk are: (a) noise
in the record from the detonation of the explosive and (b) l-arge
response time in recording. For the pr-,esent experirnentct on PMYA
the noise was eliminated by the use of appropriate shielding anid
by employing magnetic fields of the order off 1000 gauss. The long
response time is now h1-1elieved to have been largely due to electriCal
ci1rcuit im~pedance mismnatch between the z3scilloscope and the gage.
impedance matching for fast response oscilloscopes is apparen, y
a much more critical problem than for oscilloscopes with response
tini; s in the 100 ns range. After taking all known precautions to

e.imin-3te sources of degradation of electrical circ-uit responzse.
it was possible to obtain an overall effective nis~e time for the
entire recording system of about 20 *o 30 ne (13 micron foil of
length 5 mmn) when the 2.4 ns rise time oscilloscope was employed.
This is about the value predicted when corrections for time to
accelerate the foil of the gage and time for the curved shock to
envelep the base of the gage are taken into accoun-.. A sharp
br~tax in the slope or a u-t curve wotvld probably ne aetected it it
occurred 70 no or :aiore after the initial shock pulse.

The results reported for ir~itial particle velocity in the
shock wave in PMAi are believed to be reaconably accurate extrapo-
latinns in spite of the fact that the reco.-ded datiF for distances
from the HF-PY&MA interface exceeding 4 nm was obtained with a
system having inferior response. This conclusion is based on
the observance of slow decay rates in the particle velocity (at
X > 10 n-=) and confirmed by spot checks with the higher frequency
oscilloscope. Future work wi'll be conducted with the better re-
coxding system. We can expect the resulting records t,. be4- much
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more useful arid the number of shots for a series to be considerabiy
fewer than was required here.

As an example of the possibilities we can cite the result
obtained from shot number 183, Fig. i0c. If we had a series of
records of this quality for X in the range 0 to 10 mm, it would
be possible to correlate the data to obtain information about the
sound speed in PMMA as a function of pressure. The more extensive
data would, in addition be useful for tracking down the reason for
the observed inflcctions in the recorded particle velocity time
curves. It should be possible to relate the shape of the u-t
curves to the shape of the peak particle velocity vs distance curve
and, therefore, additional data at several values of X would help
to determine more precisely the exact umax-X relation. In view
of the obs.-rvation of breaks in the u-t curve on at least 3 records,
we believe the behavior to be real. It has not been predicted
in theoretical studies with or without the effect of reaction zone
being considered. It therefore presents a challenging problem to
be studied in more detail.

This work confixms the work of Dremin and his co-workers'
concerning their ability to measure particle velocity in inert
insulators by the magnetic method. It also gives us greater con-
fidence in the work reported by the Russians on particle velocity
in detonating explosives. What we have found out about effective
rise times would indicate that experiments on detonating explosives
with 10 micron foils have response rise times of the order of
75 ns. The time is determined chiefly by the foil thickness as
iong as the oscilloscope response is less than 7 ns or thereabout.
ith this response time it should be possible to detect a break

in the u-t record occurring 75 ns or greater after the initiUl
shock arrival in agreement with Dremin 7 . Experiments to measureparticle velocity in a few explosives are now in progress here.
The work will be reported later.

We of the main drawbacks of the EMV gage method is the
requirement of a magnet of about 1000 gauss large en-ugh to
accommndate the experiment between the pole faces. we were
limited to an experimental diameter of about 50 mm for the ex-
plosive charge because of the dimensions of the LSGT. Much larger
eiinmaa mra Aa.Ire fnr -anrk in PenJ o Pvq _a.. for measurina
the ideal detonation pressure. Acquisition of a large ma-tiet
to permit experiments up to at least 80 mm diameter is ztrongly
recommended.

21
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TABLE I

RISE-TIME ESTIMATES FOR VARIOUS SCOPE ARRANGEMENTS

(mm 1 (ns) T2(n) T3(ns)j T(ns) Tmax(ns) T lin(ns)

SI -
Arrangements A and B

I(H-P 160 Scope)

10 32 9 25 42 63 85

5 8 9 25 33 50 66

Arrangement C

'(Tek 454 Scope)

101 32 9 2.4 33 50 66

5 8 9 24 1 i!.5 17 23

T system rise time
0

T taken as 0.8 C(q, (6)) r 55 mm, U 5.5 mm/usec

T2  time for two double transit at 6 imnuAsec in a 0.013 mm foil

T3  scope rise time (10 90%)

may, . 1k .. , 1 .5 1o

T lin  taken as 2.0 T0

26
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TABLE 2

INITIAL PARTITCLE VELOCITY AS A FUNCTION OF X FOR PMMA

Distance } Shot Length of llMagnetic Measured Particle
X (mm) No. Pickup (mmI Field (gauss) Velocity (mm/ tsec)

System A

0.25 46 10.0 1410 2.06
0.25 51 o0 1250 2.01
0.9 49 5.0 1190 1.90
1..0 52 5.0 1225 1.90
1.5 54 5.0 1275 1.83
1.5 55 5.0 1230 1.84
2.0 56 5.0 1160 1.78
2.0 53 5.0 1275 1.77
2.7 43 10.0 1100 1.70
2.8 45 10.0 1455 1.71
4.4 40 10.0 1180 1.65
4.6 44 10.0 1250 1.63
6.9 42 10.0 1240 1.52
7.1 39 10.0 1300 1.53
10.0 41 10.0 1305 1.43
10.0 38 10.0 1255 1.4220.0 24 10.0 535 1.11

0.0 25 1010 920 1.15
25.0 27 5.0 980 1.03
25.0 28 5.0 980 1.01

2.2 87 5.0 1200 1.89
4.8 88 5*0 1350 1*60

IISystem C

10.25 118 5.0 770 2-,26

0.25 120 5'0 700 2o 7
0.86 108 10.0 980 2.25
06 183 5.0 779 2.22
14.0 11.9 5,0 748 2.053.0 117 5.0 790 i.88

4.0 5.0 790 1 .61
121 5.0 725 1.14

207



NO1LTR 70-79

0) -P- Q)A0
4) E ~ --I AI r-4

f N *-l ' m

U) 4 4 E * . , - . 9

E-4 0 E4 H H
>

4'0 u - r- 00 9

U) ) ~ H :I H H ri 0) a)

rz

E-4 Lj 0J (N N )( (N (N H Ho

rz

0z 0

LA 0AL 0 A0 0Le

o o 4-4~

z t

0 (nNIT N____, N
o cr-
U nc



U) NOLTR '70-79

4 m 0 (,j -4 N' 0 0 CC4 V
4. cu Q C3 C4 * *~~. 0 *D (Nfor-00@ - '

>1

E-4.

(' U-4 ) Ln ,-4 -4 (Y) Cl I
(N C~N 0n U-) U, (N (V N -It I -i

O ~ ~ C C4 Cli U, U fl U 4 I

In D
4: O

N %C fl V;~4

0..9



NOUTR 70 -. 7

2I___
_ 

___

U.n,

j_ _ _ _ _ -.----

LUL

______ 
OOM____Iu 

L

I_____ ________ 
_____ 

0

KI



TI NC

N N "N) LLlNN

'N "N

'N N F-

'N N N'NN IN'N N
U(5

0 N-
NO N



NOLTR 70-79

FIELD, H INTO PAGE

ARM

R, COAX1 Rc
AREA, A

ARM
A) SENSOR LOOP

BA SE- dal AREA, A R= R,+ R7I _ _ _ _ _ _ _ _ _ _ _ _ _

dA =uldt

B) EQUIRALET CIRCUIT

C) APPROX DISPLACEME>J1 OF LOOP !N
A DIREVGE '-T FLO-W

'IG0 3 E-MV G - CIRCUiT ACM



NOLTR 70-79

'G jG P0 U: PMMA,5
AL, 14

F F

E*

D E

D D

B B

044

//

/F

//u
FIG 4 INARIEDAPPXIM TIN FR AMAAL ~i-PV~C



A. GAGE AT X 19mm
NO BAFFLE PRESENT
TIME MARKS: 1,u SEC 250MV

PEAK TO PEAK

B. GAGE AT X 19mmr
CGROUN\-DED AL COLLAR BAFFLE
TIME MARKS: I u SEC 25 Cv
PEAK TO PEAK

FIG. 5 ZERO FtlILD RECOR DS



N-,OLTR 70-79

E E E E E E

11~~I If 1/! 1

- C 'l c o ' , O D '

II

LLU

E" ~ . 0
N * C'J *

e.'l "i -* 
*



NOLTR 70 -79

XII

04C CCl) kO W 0 N 0

A z

AI
z

X4~ 0

A C1 ui -

x 3K

K 2 A
04 M

Ic.

O0VIZ oooz 01 008, 0091 i ov 0t OO fY1001 008nI



NOLTR 70-79

ARRANOE\MENT A

SHOT #-44
GAGE AT X 4.6 3.V>T
FIELD: 1250 GAUSS

ARVRANGEMENI T B3

GAGE AT X =4.8rmmr 2 VOLTS
FIELD: 1350 GAUSS

GAGE T X .6m,.
FCI, 2_ '" 80 GAUSS O S

r- VOL"

Sol;., ,, .



NOLTR 70-79

C)

E0 E E E E Eo E

II- 11 l lt I

<u CNM- oN co

r 

if jQ 0

LU

1k -0

IC I
JS~ I ~ciLI

(I-OIN!

OW*07 f~o 81 00' L oft' or'o z 0000 1 c~j 001 ow
D 9S/W A1DO-3A -IDIA



NOLTR 70-79

Ar SHOT # 0
FIELD 1020 GAUSS

SF,'OI 97
H!ELD N~2 IGAUSS1

1.31.
Vo TSVOLTS

!-0.200 p. SE C

C
SHO T 183

FIELD 779 GAUSS

0.6

VOLTS

0 2Q 0~

FIG. 10 'RECORiDS FOP



'qOLTR 70 - 79

p ~~~~F-- -_______

C - N -..

-.. - zz*
- ~ - ' /E

1t U

I- -4
/u

KOa /w)kjD'iATU



NCLTR 70 -79

z~ LU Z

U--J0

u-I

U-

U-I

tL

>

00
c-J



NOLTR 70 -7

1N

<i o

Zi -7 Z
u -i L

000 L"t
ZZZ 0

LU

tj

/ Nc
C14 .'i l C



NlOf R 70 - 7

2.0

V, 1
_L !I K7

r .I O ox
-. ,, , 

A2 ,  omm

L "NoqD 
" " " - -"4.4r

(2'}, l'/',," G'GC" A Y, = " 4-a

m!i0 .5 

G 

C )

'

9.9A
£2~~~~~' 

SU~~(?ES~' T)

FIG , e ' E',I G, 0
sULJLSATI 

2 AH

..... ..



NOLT-R AO-79

/ P4
zI

/ -1%.
K U

LL, -'

co fo



NOLTR 70-79

APPENDIX A

RESPONSE OF A SIMPLE RC CIRCUIT TO A TRIANGULAR INPUT PULSE

A simple RC circuit consisting of a resistance and capacitance
in series with the input voltage e0 (t) connected across the entire
circuit and the output e(t) acrosR the capacitor serves as a good
approximation for the analysis oi the high frequency response of an
oscilloscope and its connected circuitry, Fig. A-i. For comperison
with the EMV gage it is of interest to compute the response of this
circuit when the input e0 is a jump to e00 followed by a linear
decay, that is

e= eo 0 (l - at) , (A-l)

Ohm's law gives the current i(t) for this circuit as
e 0  iR + f idt (A-2)

and the response voltage as

e = e 0 -iR (A-3)

The initial condition, when the voltage has jumped to e00, is
i 0  eo/R, t = 0. By combining Eq. (A-2) with Eq. (A-i) and
differentiating, one obtains

-dt = Rdi/ke a + i/C) (A-4)

Integration then ieads to 4

- /T = n(e aC + i) + ln(const) (A-$)
00

in which T RC. The solution can be written in the form

e 0 0 aC I i = A exp(-ti) (A-6)

Introducing the initial conditions defines the constant, A as

A = e0 0(aC + i/R)

A-I
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Using Eq. (A-3) we then obtain

e = e 0 0 [1 - at - (aT + 1) exp(-t/ )+ aTi (A-7)

When T goes to zero Eq. (A-7) reduces to the Input voltage given
by Eq. (A-1). When a is zero the input ib a step jump anC the
response is

e/e - 1 - e-- (A-8)

the reepcnse to a square step. It is appare- that the departure
of the response, Eq. (A-7), from the ".nput, Eq. (A-1), depends
o n both a and T. The behavior of Eq. !A-7) can be illustrated
in dimensionless variables by choosing A dimensionless time e = t/i.
This gives the dimensionles.- voltage as

e/e,0  1 - a'8 - (a-1 + 1) exp(-e) + . . (A-9)

Solutions of Eq. (A-9) have beens plotted in Fig. A-2 together with
the corresponding input functions now given as

e = 1 - a 8 . (A-10)
000

In the case of the step jump (a = 0) it is seen that the point of
90% response occurs at 2.30 i. We note that the time to 10% response
is 0.1 r. We can therefo ce say for the simple RC network that the
rise time T0 = 2.23 T. In the case of triangular input the departure
of the maximum response from the input function increases as the
value of aT increases. The dimen-ionless tine to maximum decreases
as the value of aT increases. It is of the order of magnitude of
3 T or 1.5 To . Tii n is independent of slope and has a value of
about 4.5 T or 2 TO.
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APPENDIX B

RESPONSE OF TWO SIMPLE RC CIRCUITS IN SERIES TO A STEP FUNCTION

The response of a simple RC network to a step jump input has

been derived as a special case in Appendix A, Eq. (A-8). If this
function is used as the input to a second RC network as in Fig. A-1,
the output el(t) will be the response of two similar networks in
series to a step input. In the text an approximate formula was
given for the rise time of several RC networks in series. tThe
purpose of this exact analysis for two networks is to see how well
the approximation works for a case where the output can be exactly
defined. The rise time for the exact case will be defined as pre-
viously; the time from 10 to 90% response.

Except for change in 3ubscript the integral equation is as
before, Eq. (A-8),

e I = Ri 1 t (B-l)

eI being the voltage e of Eq. (A-8). Substituting for el into
Eq. iB-1) and differentiating gives

deI/dt = (e0 / I ) exp(-t/ 1 ) = Rdi/'dt + i/C (B-2)

2 where T1 is used to define the time constant of the input function.
Using T2 to define the time constant RC of the second circuit, we
can write

di/dt + i/r 2 = (eoo/R I ) exp(-t/ 1 ) . (B-3)

This equation is of thp form di/dt + iP(t) = Q(t). It can be
solved by forming the integral I = fPdt. The solution, found in
elemenzary texts on differential equations is then

. ... ,.n t j ... C I
The i.:egration for Eq. (B-3) turns out to give

e ITeoo72
S R0 2 _ 1 exp(-t/r I ) + A exp(-t/i 2 ) . (B-5)

rI

R('T T 1

i3-1'
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When t 0, i = 0 and therefore
A = (I2 eoo/R)/( 2- .) " (B-6)

2 00 2

The final solution for e/e00 = el/e - Ri is then

e/eo= I - exp(-t/ )

12

Equation (B-7) is indeterminate for T In this particular
case the solution can be obtained by a limiting process. It
becomes for T1 = T2=

e/e = 1- (1 + t/) exp(-t/T) . (B-B)

Equation (B-8) is compared with the result for a single network,
all time constants being equal, in Fig. B-I. For this case the
time to 9C% response is 3.9 T, It is seen that for the two net-
works in series the time to 10% response is fairly large. In this
special c~se it is about 0.5 . The rise time for the series
networks is therefore about 1.53 times the riae time lor a single
network. Equation (7) predicts 1.41 as the ratio. Times to 10%
and 90% rebponse have been computed for various ratios of 2/l-
Figure B-2 presents these data in the dimensionless variables To/Tlo
versus the corresponding time constant ratio. Xn this plot the
rise time T has been corrected to include the time to 10% response.
Also plotted is the result from Eq. (7). Equation (7), although
not exact, is nevertheless seen to be suffic;L'ntly accurate for
its intended-purpose. Note that the results plotted from 0 to I
in the time constant ratio are sufficient to cover all possible
combinations of time constants iaaamuch as the larger of two time
constants can always be taken as T1 . 4

B-2

-4

--

A
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APPENDLX C

WONDY CALCULATIONS IN PMMA

The WONDY Q Code28 developed at the Sandia Corporation was
used to generate particle velocity-time profiles which could be
used to compare with results obtained by the EMV gage method. This
code, which solves problems in one dimension, had been implemented
for use at NOL29 . The code was set up to simulate the LSGT con-

figuration by using the spherical flow option. The solution is
therefore an approximation to the real problem. In the code run
the boundary between the HE and the PMMA is a radius equal to the
height of the HE instead of a plane. The polytropic gas equation
of state was used to describe the detonation products of the tetryl I
booster. A fluid equation of stat- was used for the PMMA. Equation
(2) was used for the PMv!. Hugoniot. These data were fitted to a
relation between P and r, r = 1 - 0 /o, of the form

2P1 = ioD(i + KI , + K (C-1)

the equation being treated as a general P-1 relation. Parameters
needed for the computation are llstia in Table C-1.

The cell size chosen to limit the computing time to a reasonable
value results in an effective rise time for tiie computations of
about 225 ns. Consequently, as in the experiments, initial values
of particle velocity at the shock front must be extrapolated.
Particle velocity-time profiles on the Darticle paths for several
valuea of X corresponding to the experiments reported here are
plotted ,.n Fig. (C-1). These results have been used in the text
of this repcct to show the agreement with experiment. Agreement
was quite qooi for X 2: 4 ran. The mo3t significant difference
between the computation and the experiment is the method of ini-
tiating the explosive for the computation. The explosive energy
was released in the computation by using the burn fraction technique
of the code. This method treats the reaction in ;n Arbij:--r , way
without a reaction zone. The comparative results for X S 4 mm would
be most affected by this difference between computation and the
real lighting event. The computated pressure at the interface was
153 kb which is in excellent agreement with the impedance value
of 1S5 kb.

C-I
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T'BLE C-i.

Parernmeters Used in WONDY Calculation I

__ ,
Tetryl- PMMA

Cell ienath, cri 0.05 0.02

u . er of cells IC0 100 -.3 A
Rho 0 CY/m 51 1.18

CO, mmn/sec 5.18 2.71

Gamma 2.82
- I

Detonation Velocity
mm/tisec 7.2

K 0  0.333

K. I .!

I

K,

Ii ."i

ij
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APPENDIX D

RESONSE OP A SIMPLF RC NETWORK TO A DUAL SLOPE INPUT FUNCTION

At p^-3ition near to the interface in the simulated gap test
VXpetiment the expected particle velocity first decays quite
S1-apidly and then ievels off. A similar shape is expected in :e-
cocding the particle velocity in a detonating explosive. It is known
that the recording problem becoues difficult when the period of
rapid decay in velozity is short. The fcllcwing simplified problem
sh uld be of value in clarifying exactly what the response require-
ment should be. To illustrate the effect of rpording system
response, an input function to a simple RC network is taken to be
a step jump follwed first by a steeply decaying voltage linear intime. At a time _'- the input is transfezred to a new line of
lesser slope. The responee is computed for various values of the
circuit time constant, 1* = C. relative to ti . necause of the
eha~p bseak in the input it is possible to clearly relate the
response to the time constant. In actual practice the change in
inpt slope may be much more grzdual. It would probably be more
difficul to distinguish such a change in slope in the output. The
siruplifted problem is, nevsrtheless, expected to give a fair
estimate to the ruquired time conatant relative to the time at
whi_-h eignificdant change un slope occuir.

The circuit used i this analysis is that of Appendix A. The
input function illuitzated in Fig. (1-1) can be expressed mathe-

e,/e1 f' k (t/t I - 1 (D-1)

where t1 is the time &t which the inrwt charges from slope kJ = ko
k?, - k The qptantity eU, is the input voltage at time tl. The
cjrent in the circuit is given by the equation

A.= R 4 fi/c)dt (D- 2

The solution to Eqs. (D-I) and (D-2) may be written in the form

i!/e 0 1 , A exp(-t/ ) - k /t I  . (D-3)

The outpvs of the circuit is given by

e/ = (e 0 -. R)/eO% (D-4)

D-.
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Since we are interested in relative 14'j~es and relative voltages it
iuseful to write the above equatcn in dimensionless form by

.,igthe foloing definitions. D,! fine y =t/'t1 , T/I

Z and Z e Equatlona above then become

ZR A~ eyp(-y/0) -k. Z, and (D-6)

Z Z0 ZR M ~-7)

The initial value of Aj for j =0 is determined from the fact that
Z 0Owheny =0. There~fore

A 0 1+ 0 + k 0 0 .(D-8)3

'When y 1, I, the value of Al is determined since rYR mnust be con-
tinuous at the break point; that is

~~-A exp(-l/0) -k0 =A x (10 k.j
A0 epl0) k0 1 A

and

A- -( k,)!~ exp(1/') (D-9)

Eqations (D-5) to (D-7) 'tan be usece in parametric formi to

compute the input and respone. For between 0 and 1 the sub-
script j = 0 values of k and A ara used. For y equal to or qr,; ater
than 1 the subscript j = 1 values are used. Illustrative solutiontr
of the equations have been computed on the remote computer systemI
of CEIR for ko = 1, kl = 0.1, and 0 ranging front 0.1 to 2. The
results are shown in Fig. (D-2). It is so~n thtt the response shows
no evidence of the infilection in the input when 0 is 0.8 ol- greater.

F When 0 is 0.1 the response shows the inflection very well y~t the
maxin~um in the curve falls about 15% ahart ot the input value.I
rxtranolation of the initial part of the resuo'sse to zero time

gives a pretty good value for the initial value of the input when
0is 0.2 or less. It is to be expected that the response of a real
recording system which comprises several RC circuits plus mechanical
elements such as in the E~hV gage system would show response bo-
havior similar to that shown here. we would expect to find that*a
the effective tire constanit of such a ivstem could be defined in
terms of an observed rise time, that isP To 'Z 2*2 T. in terme or
rise time it appears that a rise timre, To, -ould have to be less
than half the time to an inflection point in oider to g4et any

Lnfornatin of significance concertzing the initiel steep portion of

an input. furwotion from the signal which Is recor'ded.

D-2
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The problem solved above appeared to illustrate adequately
the general features of recordinq response, Hence, no other
problems with ether values of k were tried. It should be noted
that in Eqs. (D-7) and (D-6) tha value of 4 tends toward Z + k4,
when the output becomes linear. With the linear input the response,
as can be seen in Fig. (D-l), is therefore shifted to the right by
0. In principle, this implies that an extrapolation to obtain the
initil particle velocity should be back to time 0 rather than
zero. In practice the difference due to ignoring this time shift
is usually negligible. The correction was not made in the work
reported here.
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